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We know an enormous amount about the chemistry of a
living cell, but next to nothing about its physics — the
interplay of forces between organelles and molecules that
governs the cell’s detailed behaviour. Think of the plasma
membrane, for example: an oily sea of phospholipid
molecules studded with protein ‘icebergs’ of different
shapes and sizes, some floating free and others anchored
at their base. How does this molecular goulash behave
when the cell moves or changes its shape? If a lipid tide
flows in one direction, will this carry with it the protein
icebergs? What forces must be overcome if the sea has to
increase in area or deform its contours? Questions such as
these are still beyond our reach, but a raft of novel
techniques using the light microscope brings at least the
promise of quantitative answers.
A case in point is the old question of where membrane is
added in a growing nerve cell. Simple geometry tells us
that, with each micrometre a nerve’s axon elongates, it
must add several square micrometres of new plasma
membrane to its surface. But geometry remains silent on
the location of the new addition, which could be at the
nerve’s growing tip (growth cone), at the base of the axon
(cell body), or along the length of the axon [1].
Experiments directed to this question over the past 25
years, using probes such as dye particles, lectins and
antibodies, have for the most part shown assembly at the
growth cone — as in a recent study of the expression of
virally encoded proteins in growing hippocampal axons
[2]. But there have been exceptions. Popov, Brown and
Poo [3] focally applied a lipid soluble dye to Xenopus laevis
nerve cells in culture, and found that it spread out from
the cell body towards the growth cone; this was
interpreted as showing the insertion of newly made lipid
molecules at the cell body and along the axon. Now a
possible basis on which to evaluate these conflicting
observations — together with valuable insight into the
forces that govern lipid and protein molecules — has
emerged from a recent series of experiments using laser
optical tweezers and allied techniques. 
A focussed spot of laser light tends to draw into its centre
any small (micrometre-sized) object, such as a tiny poly-
styrene bead. The bead is trapped by light energy in the
centre of the spot, so that if the spot is moved experimen-
tally it carries the bead with it, just as if the bead were held
in a minute pair of tweezers. Dai and Sheetz [4] used such
a device to manoeuvre sub-micrometre particles coated
with antibodies close to the surface of axons growing in
culture, so that the particles attached to specific molecules,
either proteins or lipids. The beads were then set free and
their movements over the surface of the growing axon
observed by light microscopy. Lipid-attached beads skated
randomly over the surface of the axon, indicating that the
lipid molecules to which they were attached underwent
thermally driven, diffusive movements. Protein-attached
beads did the same until they eventually become station-
ary, presumably because they became anchored to the
cytoskeleton. But superimposed on the random, diffusive
movements of either type of bead was a drift, at a rate of
about 7 mm per minute, towards the cell body and away
from the growth cone (Fig. 1a). The reason for this drift,
the authors propose, is that more membrane is added at
the growth cone than is used for growth. It is known that
streams of membrane vesicles produced at the Golgi appa-
ratus are continually delivered to the growth cone via fast
axonal transport, and blocking the movements of these
vesicles with drugs arrests axonal extension. If this supply
of new membrane exceeded demand, there would be a
continual outwelling of new plasma membrane at the
growth cone; if the excess were to be taken up at or close
to the cell body, it would produce the observed stream of
membrane components. 
To test their ideas, Dai and Sheetz [4] estimated the
mechanical tension in the membrane using a method orig-
inally introduced, for red blood cells, by Waugh and
Hochmuth [5]. If the plasma membrane is plucked out
sideways — by pulling on a small particle firmly attached
to its surface, for example — then the membrane is pulled
out into a thin tubular strand or tether. The force required
to pull out this tether and to hold it in position is related to
the tension within the plane of the membrane. When
applied to nerve cells in culture, this technique reveals
that the membrane tension at the growth cone itself is
extremely low: long tethers of membrane can be pulled
out with relatively little force, consistent with the idea
that the growth cone is a primary site at which new mem-
brane is added to the surface [6]. But when membrane
tethers are pulled from positions along the axon, this
requires greater force and, significantly, the closer to the
cell body, the greater the force (Fig. 1b). In other words,
there is a gradient of tension that is highest at the cell
body and decreases steadily to the growth cone, and which
could therefore account for the membrane flow [4]. 
The relationship between the tension in the axonal
membrane and the diffusive spread of particles was made
clearer by a second stratagem, in which a long tether was
pulled from a region midway along the axon. As the tether
was being pulled out, it produced a ‘membrane sink’
towards which other regions of the plasma membrane were
drawn. But particles on the distal, growth cone side of the
tether moved much faster towards this sink than those on
the proximal, cell body side (Fig. 1c). Again, the results
were consistent with an outwelling of plasma membrane at
the growth cone which can be pulled by a membrane sink
— either the artificial sink produced by the membrane
tether or a natural sink at, or close to, the cell body. These
are tricky experiments, it should be said, that push present
techniques to the limit. Many questions remain answered,
such as “Could the membrane tethers contain actin fila-
ments?“ and “What produces the membrane tension?”. But
the experiments have already given us important insights
into the physical state of the nerve cell membrane. It is not,
as we used to think, a static, inextensible sheet, but a het-
erogeneous and continually moving stew of proteins
immersed in lipid. Some proteins are anchored to structures
outside the cell or to the cytoskeleton, but the remainder
are able to flow rapidly from one point of the cell to another.
Lest these results awaken in some readers memories of
the ‘lipid flow’ once postulated to take place in migrating
fibroblasts, it should be said immediately that a similar
phenomenon has not, in fact, been detected in fibroblasts.
Moreover, we know — thanks to laser tweezers — that the
flow of membrane in an axon is too feeble to influence the
movements of the nerve cell as a whole. The tension
developed in the membrane is small, not only in absolute
terms but also relative to other forces developed by the
cell. Membrane tethers pulled from nerve cells exert
forces around 6 pN, hardly more than the force exerted by
a single myosin molecule and several orders of magnitude
less that the forces growth cones normally develop on
contacting extracellular matrices [7]. In other words, large-
scale movements of the cell as a whole will be generated
by its cytoskeletal ‘muscle’, not by its membrane ‘skin’. 
So, in response to the question “Does membrane addition
take place at the tip, base or along the length of a growing
axon”, the correct answer is “Yes”. In most newly forming
axons, and for the majority of membrane components,
addition is probably at the growth cone. A stream of mem-
brane vesicles delivered to the growing tip is the only strat-
egy that makes sense for very long axons (in which
diffusion from the cell body would be unmanageably slow
[1]), or for axons growing in fascicles that are anchored
along their length to neighbouring cells. But for some mol-
ecules, and in some nerve cells, there could be a different
pattern of incorporation. In a culture dish, in which axons
are poorly adherent to the substratum, growth cones could
proceed so rapidly as to draw membrane components from
the cell body, rather as wire is drawn from a die [2]. A
dramatic example of this behaviour was seen in some all-
but-forgotten experiments in which growth cones were
severed from the rest of the cell. The isolated growth
cones crawled, bifurcated and then pulled out long,
increasingly slender processes, all in the absence of a Golgi
apparatus to supply new membrane [8]. Another situation
in which membrane assembly does not occur at the growth
cone is that of axons at a later stage of development that
have formed synaptic connections but are growing as a
result of expansion of the surrounding tissue. In these and,
one suspects, many other situations, membrane insertion
will be favoured at those regions that experience the great-
est stretching, in yet another example of the interplay
between physical and chemical events in a living cell.
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Figure 1
Three experiments probe the membrane dynamics of a growing axon.
(a) Coated beads attached to lipid or protein molecules diffuse over
the axon surface, but undergo net displacement towards the cell body.
(b) Membrane tethers can be pulled from the surface of the axon by
means of laser tweezers pulling on beads attached to the surface. The
force required is greater for beads near the cell body than for those at
the growth cone. (c) Drawing out a long membrane tether from the
middle of the axon pulls beads from the distal (growth cone) side more
rapidly than from the proximal (cell body) side. 
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